Most of these interactions are brought about by modu-A human brain cDNA clone coding for a novel PDZ-lar interaction domains, conserved sequence elements domain protein of 124 amino acids has been previously which recognize consensus motifs in their target polyisolated in our laboratory. The protein was termed GIP peptides. Among the most studied and well-character-(glutaminase-interacting protein) because it interacts ized binding domains are the Src homology (SH2 2 and with the C-terminal region of the human brain glutami-SH3) (1), the phosphotyrosine-binding (2), and the nase L. Here we report the heterologous expression of pleckstrin homology domains (1, 3).
nal residues of its target protein; a consensus binding BamHI-HindIII sites of pQE-31. A pGEX-GIP fusion construct was also engineered by releasing the GIP peptide X-Ser/Thr-X-Val has been proposed, where Val is the C-terminal residue (8) . Nevertheless, other C-cDNA from pJG4-5GIP with EcoRI. This insert was gel-purified and ligated in-frame in the EcoRI site of terminus motifs distinct from the consensus sequence have also been identified as PDZ-binding motifs (9) . the expression vector pGEX-6p-1. Since the first works reporting the importance of these homologous domains, the number of PDZ-domain-con-Expression of the Recombinant Protein taining proteins has increased rapidly and techniques
The 124 residues encoded by the predicted open readof sequence analyses have shown that PDZ-domain ho-ing frame of GIP plus 13 additional amino acids at the mologues are present in yeast, plants, and bacteria (10) . NH 2 -termini (including a 6 ϫ His tag) were expressed
We have cloned a cDNA encoding for a novel PDZ-in Escherichia coli cells. The orientation and sequence domain protein using an in vivo selection screen, the of the GIP cDNA in the expression vectors were conyeast two-hybrid system, and the C-terminus of human firmed by DNA sequencing, as described elsewhere (13) . phosphate-activated glutaminase (PAG) as bait (11) . E. coli BL21(DE3) cells (Stratagene) transformed with This protein was termed GIP (glutaminase-interacting pQE-GIP were cultured in 240 ml of 2 ϫ YTA medium protein), because it interacts with the L isoenzyme of (tryptone 16 g/L, yeast extract 10 g/L, NaCl 5 g/L, and human brain PAG (11) . In brain, PAG is responsible ampicillin 100 g/ml) at 37ЊC with vigorous shaking for the synthesis of neurotransmitter glutamate; two and adequate aeration, until the optical density reached isoenzymes, named the L and K types, are expressed 1.0 unit at 600 nm. Then, isopropyl-␤ -D-thiogalactopyrin human brain tissue (12). Here we report the overex-anoside (IPTG) was added to a final concentration of pression and purification of GIP, as well as a first molec-0.1 mM, and the incubation was continued for an addiular characterization of the purified protein.
tional 5-h period at 23ЊC. Afterward, the culture was centrifuged at 10,000 rpm in a Beckman JA-10 rotor MATERIALS AND METHODS for 10 min at 4ЊC. The drained pellet can be stored at Materials Ϫ20ЊC for up to 2 weeks or subjected to subsequent cell disruption. The fast protein liquid chromatography (FPLC) system and the chelating Sepharose fast flow, CM SephaPurification of Recombinant GIP rose fast flow, and Superose 6 chromatography media were from Amersham-Pharmacia Biotech. Reagents for
The harvested cellular pellet was suspended by add-SDS-PAGE and detergents (TX-100, NP-40, and ing 0.5 ml of ice-cold buffer I (20 mM Na 2 HPO 4 , 0.5 M Tween-20) were from Roche. HPLC ultrapure water, NaCl, 10 mM imidazole, pH 7.4) per milliliter of culture. generated by a Milli-RO 60 coupled to a Milli-Q water This cell suspension was sonicated on ice with four 30-purification system (Millipore), was used to prepare the s pulses separated by 1-min intervals at a setting of aqueous solutions. The expression vectors pQE-31 and 4-8 m from peak to peak. After that, TX-100 was pGEX-6p-1 were purchased from Qiagen and Amers-added to a final concentration of 1% (w/v). The suspenham-Pharmacia Biotech, respectively. Custom-made sion was incubated for 30 min at 4ЊC with end-oversingle-stranded oligonucleotide primers were obtained end mixing to help in solubilization of the recombinant from Amersham-Pharmacia Biotech.
protein. The cell debris was removed by centrifugation; the supernatant was filtered through a 0.2-m filter Recombinant DNAs pore size (Sartorius) and applied to a Ni-chelating Sepharose fast flow column (0.5 ϫ 2.5 cm) equilibrated with The 1.3-kb cDNA encoding the GIP was originally cloned into the pJG4-5 vector (11) . The resultant con-buffer I. The column was washed with the same buffer and then eluted with a linear imidazole gradient (0.01-struction, designated as pJG4-5GIP, was used as template DNA for PCR. The oligonucleotide primers 0.5 M) in buffer I at a flow rate of 30 ml/h. The total volume of the gradient was 20 ml. Fractions of 0.5 ml designated to amplify the insert corresponding to the coding region of GIP were primer BamHI (forward): were analyzed by SDS-PAGE; those showing recombinant GIP were pooled and concentrated to 0.4 ml by 5Ј-TGGGCGACCAGAGCAGGGATCCGATGTCCTA-CATCCCGGG-3Ј and primer BCO2 (reverse): 5Ј-GA-ultrafiltration with a 10-kDa Microsep microconcentrator. Afterward, the sample was diluted with 3.6 ml of 50 CAAGCCGACAACCTTGATTGGAG-3Ј. The PCR product contained a BamHI site next to the start codon mM Mes buffer, pH 6.2, and applied to a CM-Sepharose column (0.7 ϫ 2.5 cm), previously equilibrated with ATG, introduced by the forward primer, and a HindIII restriction site within the 3Ј-untranslated region, 490 buffer II (50 mM NaCl, 50 mM Mes, pH 6.2). The column was washed through with the same medium and then bases downstream from the stop codon TAG. A highexpression recombinant plasmid, pQE-GIP, was con-eluted with 20 ml of a linear NaCl gradient (50-500 mM) at a flow rate of 60 ml/h; 0.5-ml fractions were structed by inserting the amplified fragment into the collected. Levels of GIP protein throughout the purifica-SDS-PAGE and Analytical Determinations tion procedure were estimated by densitometric analy-SDS-PAGE was performed as described by Laemmli ses, either after SDS-PAGE and Coomassie staining (16) using 12% isocratic polyacrylamide gels with a 3% or after Western blotting and processing by enhanced polyacrylamide stacking gel. Apparent molecular chemiluminescence (ECL), using purified and quanti-masses of proteins were determined by using the lowfied GIP as a standard. molecular-weight calibration kit (Amersham-PharGlutathione S-transferase (GST) fusion proteins of macia Biotech), containing phosporylase b (94 kDa), GIP and the C-terminal region of PAG (amino acids BSA (67 kDa), ovalbumin (43 kDa), carbonic anhydrase 347-602) were also expressed in BL21(DE3) cells from (30 kDa), trypsin inhibitor (20.1 kDa), and ␣ -lactalbupGEX-6p-1 (11) and pGEX-4t-1 (13) plasmid con-min (14.4 kDa). The gels were stained with Coomassie structs, respectively. The basic induction and purifica-blue or with silver according to the method of Merril et tion protocols using glutathione-Sepharose beads were al. (17) . Samples of purified GIP were also analyzed by followed, as described previously (11, 13) .
denaturing isoelectric focusing (IEF) in mini slab gels. The 5% polyacrylamide gel contained 1.5% (v/v) amphoAntibody Production and Purification line (pH 3.5-10, LKB) and 8 M urea. Samples were diluted in 20 l of sample buffer containing 8 M urea. Purified recombinant GST-GIP fusion protein was Focusing was carried out at 200 V, 10 mA, for 4 h. The used as an antigen and injected subcutaneously into high isoelectric point ( pI) markers kit from pH 5-10.5 two New Zealand white rabbits. Polyclonal antibodies was used (Amersham-Pharmacia Biotech). Gel filtrawere generated as per Segura et al. (14) , using 1 mg of tion chromatography was done with a Superose-6 colprotein in each injection. Decomplemented serum was umn coupled to the FPLC system and equilibrated with affinity purified against the purified GIP protein bound a buffer composed of 20 mM NaH 2 PO 4 , 0.5 M NaCl, to BrCN-activated Sepharose (Pharmacia), as recom-pH 7.4. The molecular mass of the purified GIP was mended by the supplier.
evaluated by size-exclusion chromatography. The column was calibrated with the following standards Western Blot Analysis (Sigma): BSA (67 kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa), ribonuclease A (15.6 kDa), and Western blotting was carried out essentially as decytocrome c (12 kDa). Salmon sperm DNA (Sigma) was scribed by Towbin et al. (15) . Briefly, samples were subused as a marker of the column void volume. Protein jected to SDS-PAGE and then transferred to nitrocelluconcentrations were determined by the Bradford lose. After being blocked with 3% (w/v) bovine serum method (18) . Glutaminase was solubilized from crude albumin (BSA) in TPBS buffer (0.05% (v/v) Tween-20 in homogenates of rat liver with TX-100, according to the PBS), the filter was incubated for 1 h with the indicated method of Haser et al. (19) . Hepatic PAG activity was dilution of the anti-GIP antibody in TPBS containing measured with the stopped glutamate assay (20) for 10 1% (w/v) BSA. After three 15-min washes in TPBS, min at 37ЊC, using the following incubation medium: the filter was incubated with a secondary anti-rabbit 10-50 mM glutamine, 10-100 mM potassium phosIgG-horseradish peroxidase conjugate. Finally, the blot phate, 0.2 mM EDTA, 2 mM NH 4 Cl, 20 mM Tris/HCl, was washed another three times with TPBS and procpH 8.0. Blanks with sample and phosphate omitted essed for enhanced chemiluminiscence with the ECL were run in parallel. system, as per the manufacturer's instructions (Amersham). A prestained protein marker kit (broad range, MALDI-TOF MS Analyses 6-175 kDa) from New England Biolabs was used as a MALDI-TOF mass spectrometry was performed on control of the protein transfer and for estimation of the purified samples of recombinant GIP on a Bruker Biflex molecular mass.
TOF mass spectrometer using sinapic acid as a matrix. Spectra were obtained in the linear mode at an accelerIn Vitro Pull-Down Assays ating voltage of 20 kV. A nitrogen laser with an emission wavelength of 337 nm was used. The samples of GIP Purified recombinant GIP was incubated, for 2 h at room temperature, with purified GST-PAG or GST were additionally cleaned and concentrated for the analysis using a C 18 resin as described by Villanueva et alone. Afterward, GST fusion proteins were pulled down using glutathione-Sepharose beads. The beads al. (21). The masses of the peptide ions were calibrated using myoglobin as an internal standard. were washed four times with binding buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 5 mM RESULTS AND DISCUSSION dithiothreitol, 0.1% (w/v) Triton X-100) and suspended
Overproduction of Human Brain GIP in E. coli in SDS gel loading buffer. After being boiled for 5 min, the eluted proteins were analyzed by SDS-PAGE and
The T5 promoter expression system yielded from 200 to 250 mg of soluble GIP protein per liter of bacterial Western blotting.
were set up for the heterologous expression of recombinant human GIP.
Purification of Recombinant GIP
Purification of recombinant GIP is summarized in Table 1 , where the yield and enrichment fold throughout the different steps of the purification schedule are indicated. Total protein was determined by the Bradford method while the amount of GIP protein, in extracts and partially purified samples, was estimated by densitometric analyses after SDS-PAGE, as described in the previous section.
The soluble E. coli extract containing approximately 67.8 mg of GIP in 365 mg of total protein (Table 1) , was immediately submitted to metal-chelate affinity chromatography on an Ni-sepharose column ( Fig. 2A) , culture. Only the soluble fraction of the E. coli extract was used for purification of GIP. Figure 1 shows Coomassie-stained SDS-PAGE of GIP in bacterial extracts transformed with the expression vector pQE-GIP. By densitometric analyses of the gels, we estimated that GIP accounts for 27.5% of the total soluble E. coli protein for the pQE-GIP construct. The expression of recombinant GIP was optimized in terms of IPTG concentrations and temperature of the induction. At 22ЊC, no clear effect was seen by varying the IPTG concentrations from 0.1 to 10 mM. However, at 37ЊC, the amount of GIP expressed at 0.1 mM reached a maximum and did not increase further at higher IPTG levels (results not shown). We then checked the effect of temperature on the amount of soluble GIP synthesized. A clear effect was seen after separation of soluble and pellet fractions of total bacterial extracts: the amount of soluble GIP increased about three times at 37ЊC with regard to the levels found at 22ЊC (Fig. 1) . In agreement with these results, 37ЊC and 0.1 mM IPTG induction conditions taking advantage of the 6ϫHis tag added to GIP in the purification schedule was cation-exchange chromatography on carboxymethyl Sepharose Fast Flow. We first NH 2 -termini. GIP was bound to the gel and eluted with a gradient of imidazol buffer: representative fractions concentrated the sample by ultrafiltration and changed the buffer to eliminate the high NaCl concentration (0.5 corresponding to different imidazol concentrations of the gradient are shown in lanes 4-10 of the SDS-PAGE M) present in the sample. GIP was strongly bound to the resin at pH 6.2, in agreement with its highly basic gel ( Fig. 2A) . As can be seen, gradient elution allows for an effective GIP purification. Although GIP starts pI of 9.3, determined by denaturing IEF of the purified protein.
After the unbound anionic contaminant proto elute at about 0.15 M imidazole (fraction 12, lane 4 of the gel), the peak is mainly concentrated through teins were washed, GIP eluted around 0.3 M of NaCl as a homogeneous protein. From the approximate 67.8 fractions 28 (0.35 M, lane 7) to 40 (0.5 M, lane 10); these fractions were pooled for the next chromato-mg of recombinant GIP present in the initial 365 mg of crude bacterial extracts, we finally isolated 4.2 mg graphic step. The high level of purification achieved at the end of the gradient would allow us to end purifica-of pure GIP accounting for 6.2% of the yield (Table 1) .
Although at first this may seem a low level of purified tion by selecting only these fractions. However, to improve the yields of the protocol in terms of protein GIP, we should note that about 4 mg of protein was purified from a 240-ml culture; the schedule can be amount, fractions with lower levels of purification, but still having a high GIP content, were also pooled and easily scaled up allowing the isolation of preparative amounts of GIP for structural analyses. We usually subjected to further purification.
After affinity chromatography, the last step of the pooled five 0.5-ml fractions; thus, the volume of the final   FIG. 3 . MALDI mass spectra of recombinant human GIP. The two major peaks correspond to the singly (m/z ϭ 15,304) and doubly charged (m/z ϭ 7654) peptide ions. Components with higher mass could be ascribed to protein/matrix adducts. Y-axis: a.i., absolute intensity (arbitrary units); X-axis: m/z, mass/charge. preparation was about 2.5 ml, which gives a protein concentration of approximately 1.7 mg/ml. The silverstained SDS gel of this purified protein preparation is shown in Fig. 2B . A clear single band corresponding to an apparent molecular mass of about 16 kDa was observed for the purified GIP, as determined from a plot of log molecular mass vs Rg, the relative mobility. This result is in good agreement with the predicted M r of 15,302.4 calculated for the 137-residue polypeptide.
Characterization of Recombinant GIP
Although the engineered cDNA clone used in this work to direct the synthesis of GIP has been checked by DNA sequencing, the recombinant protein product   FIG. 4 . Glutaminase binding assay. Purified GIP was evaluated by was also carefully characterized. By MALDI-TOF mass its capacity to interact with the C-terminal region of phosphatespectrometry, recombinant GIP purified according to activated glutaminase (PAG) by using an in vitro pull-down assay the method described here gave a sharp major peak (11) . GST-PAG or GST alone was expressed in E. coli and purified with a mass of 15,304 Ϯ 1 Da (Fig. 3) , corresponding by glutathione-Sepharose. The affinity-purified GST proteins immo- ] peptide ion also appeared at a m/z ratio right lane, assay in the presence of GST-PAG. The relative positions of half of the major peak (Fig. 3) . Thus, the nature and of the prestained molecular mass markers are indicated on the right side of the film.
integrity of the recombinant expressed protein were verified. Moreover, no differences in the MS spectra were observed after reduction of the protein with 20 mM dithiothreitol (results not shown), which indicates Student test) than control values (100%) in the absence of exogenous GIP. Thus, purified GIP seems to be able the absence of oxidized methionine residues. The MS analysis also confirmed the methionine residue at the to recognize PAG even in crude tissue extracts. Taken together, the pull-down interaction assay and the en-N-terminal, which is thus not removed in vivo from the N-terminus of the neosynthesized protein in E. coli zyme activity assay argue in favor of a fully functional recombinant purified GIP. Furthermore, concerning the cells.
Being a PDZ protein, GIP activity should be evalu-physiological role of GIP, we are tempted to speculate whether it functions to destabilize the glutaminase ated by testing its capacity to interact with its target C-termini motif present in human brain L-PAG. The multimer, a role similar to that ascribed to the similarly sized protein inhibitor of neuronal nitric oxide synthase functionality of recombinant GIP has been studied by using it in a pull-down assay against recombinant (22), although in this case the interaction is not mediated by PDZ domains (23). The stoichiometry of native GST-PAG. The assay was a variant of that previously reported employing in vitro translated [ 35 S]GIP (11) . As human L-PAG enzyme is unknown, and the possibility of aggregation to highly active polymeric forms has not shown in Fig. 4 , the purified recombinant GIP was able to interact properly with the GST-PAG: it associates been studied either, although it was early demonstrated in vitro for the rat K-PAG enzyme in the presence of the specifically with GST-PAG, but not with the control GST alone. The presence of pulled-down GIP was re-activator inorganic phosphate (24) . Therefore, whether human L-PAG self-associates to active multimeric vealed by Western blot using anti-GIP antibodies (Fig.  4) . Thus, the PDZ domain in the recombinant purified forms, as well as the possibility that binding of GIP to PAG destabilizes the structure of PAG and thereby GIP was shown to be functional.
In order to assess the effect of purified GIP on the inhibits the enzyme activity, a mechanism analogous to that described for neuronal nitric oxide synthase, catalytic activity of PAG, we developed PAG assays in the absence or presence (0.4 mg/ml) of added GIP. As remains to be established.
Finally, the molecular mass of the purified GIP was a source of PAG activity, rat liver extracts were used, taking advantage of the high degree of similarity be-determined by FPLC in order to assess the stoichiometry of the native protein. Gel filtration chromatography tween human brain L-PAG and the rat liver enzyme (13) . For five different experiments, the mean PAG ac-on a Superose 6 column gave an apparent molecular mass of 28 kDa (Fig. 5) , indicating that the protein is tivity value in the presence of added GIP was 72.2 Ϯ 5.7% (SEM), which is significantly lower (P Ͻ 0.05, t not a pure monomer in solution. Taking into account that the predicted theoretical molecular mass of GIP is basis for these interactions is unknown. In conclusion,
here we have reported a bacterial system for overex-15,302 Da, and the molecular mass in SDS gels has been shown to be approximately 16 kDa, the estimation pression of GIP and a convenient scheme for purification to homogeneity of large quantities of active protein, by size-exclusion chromatography is consistent with GIP being a dimer formed by two identical monomers. useful for further biochemical and biophysical studies. This observation agrees with the behavior shown by native GIP in ultrafiltration experiments with 30-kDa ACKNOWLEDGMENTS cutoff microconcentrators: most of the GIP protein remained in the concentrated solution. Furthermore, GIP This study was supported by Research Grant SAF 98-0153 of the Spanish CICYT. We thank the Fundación Científica Ramón Areces is mainly composed of just one PDZ domain and these for a predoctoral fellowship to JAC. We are indebted to Professor I. have been previously shown to be essentially globular Nú ñ ez de Castro for critical reading of the manuscript and to F. Canals domains (25, 26); therefore, it cannot be argued that the and the Servei de Proteòmica i Bioinformä tica from the Universitat value obtained by gel filtration has been overestimated, Autónoma of Barcelona for the MALDI-TOF MS analysis of the due to a departure of the overall shape from a sphere. protein.
On the other hand, although single PDZ domains also appear to be functional, the members of the PDZ family REFERENCES usually have two or more copies of this motif, in agreement with their role of scaffold proteins that allow the most represents its whole primary structure. This may
